Super-resolution imaging allows for visualization of cellular structures on a nanoscale level.
. An alternative approach to achieve stochastic blinking is through fluorescent probes that transiently bind their target, as in point accumulation in nanoscale topography (PAINT). [3] [4] [5] In DNA-PAINT, a fluorophore is attached to a short DNA oligonucleotide (or imager strand) that specifically binds to a complementary target DNA sequence (or docking strand). 6 The stochastic blinking of signals is achieved through binding and unbinding of the incoming imager strands to the docking strands and is imaged using total internal reflection fluorescence (TIRF). By changing the length and sequence of an imager strand, one can tune the on-and offrates of the imager and adjust the specificity.
This allows for high multiplexing capabilities since the number of probes is only limited by the number of orthogonal DNA sequences. Furthermore, compared to conventional super-resolution techniques, DNA-PAINT comes with the advantage that imager strands are continuously replenished from the solution and thus photobleaching is circumvented during the imaging process.
A critical limitation of DNA-PAINT, however, is the low binding rate of DNA, which is typically in the order of 10 6 M -1 s -1 .
Given this binding rate, obtaining images with high spatial resolution (5 nm) usually takes several hours. [7] [8] [9] Shorter acquisition times can be achieved by increasing concentration of the imager strand.
However, single-molecule binding events become unresolvable from the background of unbound imager strands, even when using TIRF. To reduce this acquisition time, DNA-PAINT has recently been combined with single-molecule Förster Resonance Energy Transfer (smFRET). 10, 11 This, however, comes at a cost of reduced spatial resolution due to limited energy transfer efficiency between donor and acceptor dyes and camera sensitivity being a limiting factor for dyes used in the far red spectrum. Here we describe an alternative approach, in which protein-assisted delivery of imager strands is demonstrated to speed up the acquisition time 10-fold and only requires a single fluorescent channel.
Argonaute proteins (Agos) are a class of enzymes that utilize a DNA or RNA guide to find a complementary target, either to inactivate or to cleave it. In eukaryotes, an RNA guide directs Ago to complementary RNA targets for post-transcriptional regulation. 12 Ago proteins initially bind their target through base pairing with the seed segment of the guide (nucleotides 2-7 for human Ago). [13] [14] [15] Crystal structures have revealed that Ago pre-orders this seed segment into a helical conformation, allowing for the formation of a double helix between guide and target, and hence effectively pre-paying the entropic cost of target binding. 16, 17 This results in binding rates that are near-diffusion limited (~10 7 M -1 s -1 ). [18] [19] [20] [21] In prokaryotes, there is a broad diversity of Agos with respect to the identity of their guide (RNA/DNA) and their target (RNA/DNA). 22, 23 Some well-characterized prokaryotic Ago nucleases (Thermus thermophilus Ago and Clostridium butyricum Ago) use DNA guides to target single-stranded (ss)DNA. 24, 25 Here we describe a new DNA-PAINT method based on protein-assisted delivery of DNA imager strands, which allows for faster acquisition of super-resolved nanostructures.
In this Ago-PAINT method, we use a wildtype Ago protein from the bacterium Clostridium butyricum (CbAgo) to speed up the kinetic binding of DNA imager strands.
CbAgo reshapes the binding landscape of the imager strand, resulting in a 10-fold higher binding rate compared to conventional DNA-PAINT. In addition, we show that one can implement Ago-PAINT with minimal imager strand complexity whilst retaining the programmability and specificity of DNA-PAINT, due to the favourable targeting feature of CbAgo. 25, 26 We determine the spatial resolution of Ago-PAINT through the use of 2D DNA origami structures and show that Ago-PAINT generates super-resolution images of diffraction limited structures at least 10-fold faster than conventional DNA-PAINT.
RESULTS
For high-quality super-resolution images, a PAINT-based method requires more than TIRF microscopy ( Figure 1A) . The assay was designed to give a high-FRET signal upon specific binding of either DNA imager strand or Ago-guide complex to the complementary target (Figure 1B and C) .
The Cy3 position was chosen the same as in our previous studies on CbAgo, where we showed the dye position does not bring any photophysical artefacts. 26, 27 The time between introduction of the imager strands and the first binding event is the arrival time (which is the inverse of the on-rate, k on ). The duration of the FRET binding events is the dwell time ( Figure 1B) . In order to fully visualize real-time interactions between multibody cellular components, one would ideally want to look at multiple components at the same time.
Effort has been put into temporal 29 or spectral 30 multiplexing of DNA-PAINT technology. In our previous work, we showed that different guide sequences resulted in distinctly different binding kinetics. 25 These kinetic fingerprints will allow for additional freedom when designing Ago-PAINT. 29, 31 Furthermore, optimization of the imager sequence and imaging conditions allowed for an order of magnitude faster imaging for conventional DNA-PAINT 32 . We expect that optimization of the Furthermore, as the imager strand is loaded and protected inside the protein, degradation of the imager strand is less likely to occur over time, unlike oligos that are rapidly digested. 36 In this paper we demonstrated the use of 
MATERIALS AND METHODS Expression and purification of CbAgo
The and Origin (Origin Lab).
Single-molecule data acquisition
To avoid non-specific binding of CbAgo protein to the surface, quartz slides were PEGylated as previously described (Chandradoss 2014 
Assembly of DNA oligo plate
The 2D rectangular DNA origami structure was designed by using CaDNAno software based on square lattice. 44 The 2D rectangular DNA origami structure was twist corrected and structural behaviour of the origami plate was checked by coarse-grained simulations in CanDo. 45, 46 The 
